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Abstract Macrophage lipid metabolism and inflammatory
responses are both regulated by the nuclear receptors PPAR
and LXR. Emerging links between inflammation and meta-
bolic disease progression suggest that PPAR and LXR sig-
naling may alter macrophage function and thereby impact
systemic metabolism. In this study, the function of macro-
phage PPAR and LXR in Thl-biased C57BL/6 mice was
tested using a bone marrow transplantation approach with
PPARy /~, PPARS /~, PPARY® /", and LXRaf /~ cells.
Despite their inhibitory effects on inflammatory gene ex-
pression, loss of PPARs or LXRs in macrophages did not
exert major effects on obesity or glucose tolerance induced
by a high-fat diet. Treatment with rosiglitazone effectively
improved glucose tolerance in mice lacking macrophage
PPARY, suggesting that cell types other than macrophages
are the primary mediators of the anti-diabetic effects of
PPARY agonists in our model system. C57BL/6 macro-
phages lacking PPARs or LXRs exhibited normal expression
of most alternative activation gene markers, indicating that
macrophage alternative activation is not absolutely depen-
dent on these receptors in the C57BL/6 background under
the conditions used here.lll These studies suggest that ge-
netic background may be an important modifier of nuclear
receptor effects in macrophages. Our results do not exclude
a contribution of macrophage PPAR and LXR expression to
systemic metabolism in certain contexts, but these factors
do not appear to be dominant contributors to glucose toler-
ance in a high-fat-fed Thl-biased bone marrow transplant
model.—Marathe, C., M. N. Bradley, C. Hong, L. Chao, D.
Wilpitz, J. Salazar, and P. Tontonoz. Preserved glucose tol-
erance in high-fat-fed C57BL/6 mice transplanted with
PPARy /~, PPARS /~, PPARYS /~, or LXRaf /™ bone
marrow. J. Lipid Res. 2009. 50: 214-224.
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Macrophages play an important role in innate and ac-
quired immune responses. They can be directed to acquire
distinct phenotypes through classical (M1) or alternative
(M2) pathways of activation (1). Depending on the trigger
for macrophage activation, different outcomes in the adap-
tive immune response, inflammation, and gene expression
result. For instance, macrophages activated classically by
lipopolysaccharide (LPS) (M1 phenotype) promote a Thl
T cell response, characterized by the release of inflam-
matory cytokines and the activation of cytotoxic CD8 T cells
(2). The Thl1 response is primarily geared toward the
phagocytosis and killing of pathogens. Macrophages acti-
vated by alternative stimuli such as IL-4 (M2 phenotype)
are less inflammatory and foster a Th2 response by direct-
ing the proliferation and differentiation of B cells (2). The
biological impact of these distinct pathways of macrophage
activation has been studied in mouse models that favor
either Thl or Th2 immune responses. The widely used
C57BL/6 mouse strain preferentially mounts Thl-biased
immune responses, including classical macrophage activa-
tion, leading to robust inflammatory responses (1). By con-
trast, the more Th2-permissive BALB/C strain is more
susceptible to alternative macrophage activation and does
not exhibit such a dominant inflammatory reaction (1).

Recent work suggests that macrophage-dependent in-
flammatory pathways are linked to the development and
possibly treatment of insulin resistance. In particular, adi-
pose tissue inflammation has attracted widespread interest
as a potential causal factor in insulin resistance (3). Type 2
diabetes is associated with low-grade or chronic inflamma-
tion (4), and adipose tissue is now recognized to be a major
producer of bioactive signaling molecules, known as adipo-
kines, some of which may contribute to chronic inflamma-
tion (5). In addition, macrophages have been shown to
accumulate in adipose tissue of obese mice and humans,
where they are postulated to contribute to inflammatory
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signaling (6, 7). In fact, studies have consistently revealed
elevated expression of inflammatory genes such as TNFq,
IL-6, and iNOS in adipose tissue of obese mice, and tissue
macrophages appear to be a prime source of these factors
(6, 8,9).

Several lines of evidence support a causal role for macro-
phage inflammatory signaling in insulin resistance. For ex-
ample, inhibition of TNFa signaling in obese mice improves
insulin sensitivity, whereas exogenously administering TNFo
worsens insulin resistance (4, 10, 11). Furthermore, block-
ing macrophage inflammatory gene expression through
genetic deletion of IKK@, an essential kinase in the NF-
kB activation pathway, improves insulin sensitivity in obese
mice (12, 13). Inhibiting macrophage infiltration into adi-
pose tissue by deletion of MCP-1 expression in fat also
improves insulin resistance (14-16).

The observation that inflammatory gene expression in
adipose tissue is suppressed by systemic treatment with
PPAR'y agonists such as rosiglitazone has led several groups
to investigate the impact of anti-inflammatory nuclear re-
ceptor signaling on diabetes (17, 18). Members of both
the peroxisome proliferator-activated receptor (PPAR) and
liver X receptor (LXR) subfamilies have emerged as im-
portant negative regulators of macrophage-mediated in-
flammation. PPARy, PPARS, LXRa, and LXRp are each
expressed at high levels in murine macrophages, and nu-
merous studies have addressed the potential for these
receptors to alter macrophage inflammatory gene expres-
sion (19-21). Recent studies in Th2-biased BALB/C mice
have suggested that PPARvy is important for M2 macro-
phage activation and that genetic deletion of PPARy in
myeloid cells alters the balance between M1 and M2 mac-
rophages (22). Moreover, BALB/C mice lacking PPARvy
expression in macrophages are more susceptible to the de-
velopment of dietinduced insulin resistance (22). Hevener
et al. (18) have also examined the consequence of loss of
bone marrow (BM) PPARYy expression on a mixed genetic
background. Similar to the previous study, loss of PPARy
was associated with increased expression of inflammatory
genes as well as defective insulin signaling in target tissues
such as adipose tissue, liver, and muscle. The contribution
of macrophage PPAR®S or LXR expression to systemic glu-
cose metabolism has not been addressed previously.

C57BL/6 is the genetic background most widely studied
in the context of metabolism; however, the importance of
anti-inflammatory nuclear receptor function for obesity-
linked insulin resistance in this strain remains unclear.
Here we assess the impact of loss of BM expression of four
different nuclear receptors on systemic glucose metabo-
lism in C57BL/6 mice. BM genetically deleted for PPARY,
PPARS, both PPARY and PPARS, or both LXRa and LXRf
was isolated from C57BL/6 donors and transplanted into
wild-type C57BL/6 recipients. Mice were fed a high-fat diet
to induce obesity and insulin resistance. None of these
nuclear receptors significantly altered obesity or glucose
tolerance of transplanted mice in our study. In addition,
treatment with rosiglitazone improved glucose tolerance
in mice receiving PPARy-null BM. Although our results do
not exclude a contribution of macrophage PPAR and LXR

expression to systemic metabolism in certain contexts, these
factors do not appear to be dominant contributors to glu-
cose tolerance in a high-fat-fed Thl-biased bone marrow
transplant (BMT) model. Our data suggest that genetic
background and diet may influence the metabolic conse-
quences of nuclear receptor signaling in macrophages.

METHODS

Reagents and cell culture

The synthetic ligands for LXR (GW3965 and T1317), PPARa
(GW9544), PPARS (GW742), and PPARy (GW7845) were pro-
vided by GlaxoSmithKline. All ligands were dissolved in DMSO
before use in cell culture. The LXR ligand was used at a con-
centration of 1 uM, whereas the PPAR ligands were all used at
100 nM. LPS from Salmonella typhimurium and poly(I:C) were
purchased from Sigma and used at 100 ng/ml and 2.5 mg/ml,
respectively. IL-13 was purchased from Peprotech and used at
10 ng/ml. Thioglycollate-elicted primary murine macrophages
were maintained in DMEM containing 10% FBS. BM-derived
macrophages were differentiated in DMEM containing 20% FBS
and 30% L929-conditioned media for 7 days. After differen-
tiation, macrophages were cultured in DMEM containing 10%
FBS. Cells were harvested from wild-type, PPARNf/ o, PPARS o,
or PPARYS "/~ mice. The Mx Cre mice were purchased from
Jackson Laboratories. The Mx Cre, PPARYfl/fl, and PPARS /'~
mice are all on the C57BL/6 background (more than nine gener-
ations backcrossed).

Animal studies

The recipient wild-type mice used for the BMT studies were
irradiated with 900 rads the night prior to reconstitution. Each
of the four groups of recipient mice contained 12 mice. BM cells
from recipient mice were harvested and injected into tail veins of
the recipient mice. The irradiated mice were kept in sterile cages
with autoclaved food and trimethoprim-sulfamethoxazole-treated
water for 2 weeks. Mice were challenged with a 60% caloric fat
diet (Research Diets) for 16 weeks. Mice were fasted the night
prior to glucose tolerance tests, and glucose levels were moni-
tored after intraperitoneal injections of glucose (2 g/kg; Sigma).
For gavage experiments, mice were gavaged with either vehicle or
rosiglitazone (30 mg/kg; Cayman Chemicals) for 8 days.

Insulin ELISA

Wild-type, PPARy /", and PPARY8 ™/~ BMT mice were fasted
overnight, and blood was collected in heparin tubes. Samples were
then spun at 8,000 rpm for 5 min to isolate serum. An ultrasensi-
tive mouse insulin ELISA kit (Crystal Chem, Inc.) was used to per-
form an insulin ELISA on the serum to determine insulin levels.

RNA and quantitative PCR

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen) and was reverse transcribed to obtain cDNA (Ap-
plied Biosystems). Real-time quantitative PCR assays were per-
formed using an Applied Biosystems 7900 sequence detector as
previously described (23). Data were normalized to housekeeping
gene 36B4.

Statistical analysis

Statistical significance was determined using Student’s test for
in vitro assays. A one-way or two-way ANOVA test was used to de-
termine statistical significance for all glucose tolerance tests.
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RESULTS

To investigate the function of macrophage PPARYy, we
used a Cre recombinase system to disrupt the PPARy gene.
Specifically, we crossed C57BL/6 mice with loxP sites flank-
ing the second exon of PPARy (PPARYfl/fl) with C57BL/6
mice expressing Cre recombinase downstream of the o/
interferon-inducible (Mx) promoter. Cre recombinase ac-
tivity was initiated by intraperitoneal injection of the Mx

activator poly IC 3 to 4 weeks after birth. Interestingly, in-
jection of poly IC at weaning age caused a permanent dis-
ruption of PPARy in myeloid precursor cells; new myeloid
cells generated postinjection remain PPARy-null for the
life of the mouse. Typically, we analyzed macrophages
from these mice at least 4 weeks after inducing recombina-
tion to reduce any potential effects of the poly IC. Quanti-
tative real-time PCR confirmed that the Mx Cre system
was extremely efficient, yielding nearly complete (>95%)
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Fig. 1. Induction of the Mx promoter effectively disrupts PPARy, whereas LysM Cre cannot efficiently delete
PPARy exon 2. Cells were harvested and pooled from three to five mice per group. The presented data are
representative of at least three independent experiments. A: Thioglycollate-elicited wild-type and Mx Cre
PPARyf/ ~ peritoneal macrophages were treated with PPARy or PPARS ligands (GW7845 or GD742, respec-
tively; 100 nM each) overnight. PPARy exon 2 could not be detected in PPAR'yfF cells (P < 0.005), whereas
PPARYy exon 6 expression was unaffected. Known PPARy target genes (aP2, ADRP, and PGAR) were tested to

confirm loss of ligand response in PPARy ™/

~ macrophages. B: Thioglycollate-elicited wild-type and LysM Cre

PPARy /" peritoneal macrophages were treated with PPARy ligand (GW7845; 100 nM) overnight. PPARy

exon 2 could still be detected in PPAR«f/

~ macrophages, and PGAR, a known PPARYy target gene, could still

be induced by PPARy ligand in these cells (P < 0.02). Error bars represent SEM.
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deletion of PPARy exon 2 in vivo (Fig. 1A). As expected,
induction of PPAR target genes (aP2, ADRP, PGAR) by
PPARYy but not PPARS agonists was lost in Mx Cre
PPARyf/ ~ macrophages (Fig. 1A).

In addition to using the Mx Cre system, we also gener-
ated mice with macrophage-specific PPARy deletion using
the LysM Cre system. Unlike Mx Cre, LysM Cre is constitu-
tively active. However, compared with the Mx Cre system,
the LysM Cre system was not as efficient in recombining
PPARYy to create a disrupted gene in our hands. After har-
vesting peritoneal macrophages from wild-type and LysM
Cre PPARy /™ mice, we treated the cells with PPARYy li-
gand to test whether disruption of PPARy was able to pre-
vent PPARy target gene regulation. We found that PPARy
exon 2 could still be detected by quantitative real-time PCR
and that PGAR, a PPARy target gene, could be regulated by

ligand even in PPARy /™ macrophages (Fig. 1B). In con-
trast, the Mx Cre system yields cell populations with com-
plete deletion of PPARYy exon 2 expression, and more
importantly, these cells are unable to respond to PPARy
ligand and do not regulate target genes. Consequently,
we opted to use the Mx Cre system for our studies.
Recent work suggests that PPARs mediate inflammatory
signaling pathways in macrophages and may affect in-
flammation associated with insulin resistance (18, 22). To
address this issue in our genetic loss-of-function system,
thioglycollate-elicited PPARy ™/ ~, PPARS /™, or PPARYS /™~
peritoneal macrophages were isolated and pretreated with
either PPAR ligand or LXR ligand overnight. Cells were
then stimulated with LPS (10 ng/ml) for 6 h, and inflam-
matory and receptor target gene was measured by real-
time PCR. As shown in Fig. 2A, the PPAR target gene
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Fig. 2. PPARy /~, PPARS /", and PPARYS /'~ macrophages exhibited heightened inflammatory gene expression compared with wild-type
cells in vitro. Cells were harvested and pooled from three to five mice per group. The presented data are representative of at least three
independent experiments. A: Thioglycollate-elicited wild-type, PPARy~/~, PPARS™/~, and PPARYS /™ peritoneal macrophages were har-
vested and pretreated with GW7845 (100 nM), GW742 (100 nM), or GW3965 (1 wM) overnight. The cells were then stimulated with LPS
(10 ng/ml) for 6 h. PPAR and LXR target genes (aP2 and ABCAI, respectively) were tested to confirm ligand response. B: Macrophages
were analyzed for inflammatory gene expression. iNOS was markedly upregulated in macrophages with deleted PPARs; in wild-type cells,
treatment with LXR ligands consistently suppressed inflammatory genes, whereas treatment only with PPARy and not PPARS ligand resulted
in repression. C: Additional inflammatory genes were tested in response to LPS and PPAR ligand treatments. Similar to iNOS, both IL-6 and
MCP-1 expression was repressed by PPARy ligand. However, IL-13 has a different expression profile compared with the other genes and
highlights inconsistencies in PPAR signaling in inflammation. Error bars represent SEM.
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aP2, and the LXR target gene ABCAI, were upregulated
in wild-type cells by ligand, confirming proper ligand re-
sponse. As expected, LXR agonist (GW3965) efficiently
suppressed inflammatory gene expression (iNOS). Fur-
thermore, PPARy ligand (GW7845) repressed IL-6, MCP-
1, and iNOS expression in wild-type cells but not in
PPARy-null cells (Fig. 2B, C). PPARS agonist (GW742)
had no significant effect on expression of these genes in
any genotype.

We also noted a significant effect of loss of PPAR expres-
sion on LPS-inducible inflammatory gene expression in
the absence of receptor ligands. Loss of either PPARYy or
PPARS alone led to enhanced induction of iNOS and IL-6
by LPS (Fig. 2B, C). Moreover, the combined deletion of
both receptors had an additive effect, i.e., inflammatory
gene expression was most responsive in the double knock-
outs. Interestingly, the combined loss of PPARy and PPARS
affected the expression of some inflammatory markers
more than others. For example, in contrast to IL-6, MCP-1,
and iNOS, expression of IL-1f was not altered in the wild-
type cells (Fig. 2C).

To investigate the impact of BM PPAR expression on
systemic glucose metabolism in C57BL/6 mice, we used
wild-type, PPARy ™/, PPARS /", or PPARYS /™ BM (from
mice more than 10 generations backcrossed to C57/BL6) to
reconstitute irradiated wild-type mice. After recovery for
4 weeks, the mice were challenged with a 60% fat diet for
an additional 14 weeks to cause obesity. All four groups of
mice gained weight at a similar rate and had equivalent
food intake during the course of the feeding (Fig. 3A; data
not shown). To confirm the degree of BM reconstitution
after 14 weeks of high-fat diet, we harvested thioglycollate-
elicted peritoneal macrophages from PPARy /™ and
wild-type BMT-recipient mice. Real-time PCR verified that
virtually all of the macrophages from PPARy /'~ BMT
mice were derived from the donor cells, because PPARYy
exon 2 was not expressed (Fig. 3B). We also tested whether
the macrophages were responsive to ligand by examin-
ing PPAR target gene expression. As shown in Fig. 3C, ex-
pression of ADRP was induced by PPARy ligand (GW7845)
in cells from wild-type but not PPARy /~ BMT mice. Basal
expression of ADRP was also reduced in PPARy-null cells.
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Fig. 3. All PPAR mice had equivalent weight gain and exhibited reconstitution with myeloid cells derived from donor mice. A: Irradiated
mice transplanted with wild-type, PPARy/~, PPARS /™, or PPARYS /™~ myeloid cells were challenged with a 60% fat diet. All groups of
mice gained weight at similar rates. B: Thioglycollate-elicted wild-type and PPARy /™ peritoneal macrophages were harvested from recipi-
ent mice to determine degree of reconstitution. PPARy exon 2 could not be detected in PPARy /™ macrophages (P < 0.05), whereas
PPARY exon 6 could be detected. Cells were harvested and pooled from four wild-type and three PPARy /™ bone marrow transplant
(BMT) mice. C: Wild-type and PPARy™/~ macrophages were treated with GW7845 overnight. PPARy target genes (aP2 and ADRP) did
not increase in expression as a result of ligand treatment in PPARy ™/~ cells. Cells were harvested and pooled from four wild-type and three
PPARy ™/~ BMT mice. Error bars represent SEM.
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After mice were on the diet for 14 weeks, we performed
glucose tolerance tests to determine whether reconstitu-
tion with differing PPAR knockout macrophages would
alter systemic metabolism. Mice clearly became glucose in-
tolerant as a result of high-fat feeding; however, high-fat-
fed mice lacking BM expression of PPARy, PPARS, or both
on the C57BL/6 background showed no significant dif-
ference from controls (Fig. 4A). A second set of glucose tol-
erance tests performed 4 weeks later yielded similar results
(Fig. 4B). Fasting serum insulin levels were also not signifi-
cantly different between groups, as determined by ELISA
(P > 0.05; data not shown).

We also assessed the influence of BM PPARYy expression
for the anti-diabetic effects of PPARy agonists on a C57BL/6
background. We treated wild-type and PPARy /'~ BMT-
recipient mice with rosiglitazone for 8 days. As shown in
Fig. 4C, both groups treated with rosiglitazone showed
markedly and equivalently improved glucose tolerance,
compared with vehicle controls. This observation suggests
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that tissues other than BM are the primary mediators of
the anti-diabetic effects of PPARy ligand in mice on a
C57BL/6 background under the experimental conditions
employed here.

Macrophage infiltration into adipose tissue is a well-
characterized feature in obese mouse models (6). Fur-
thermore, administration of thiazoladinediones reverses
macrophage infiltration, presumably by activating PPARYy.
We therefore investigated whether the lack of macrophage
PPARYy would affect macrophage infiltration into adipose tis-
sue. To our surprise, we found that there was no change in the
numbers of macrophages present in adipose tissue when we
compared wild-type and PPARy BMT mice (data notshown).
Additionally, the size of adipocytes was similar in wild-type
and PPARy BMT mice and we did not observe any obvious
differences in body composition (data not shown).

Previous work has established that both LXRa and LXRf
are expressed at high levels in macrophages, and both iso-
types have strong anti-inflammatory effects (19). As shown
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Fig. 4. Glucose tolerance tests and insulin levels exhibited no significant differences in insulin sensitivity. A two-way ANOVA test was used to
determine significance. A: After 14 weeks on the diet, the four groups of PPAR mice were equally diabetic and similarly insulin resistant (P>
0.05). After the mice were fasted overnight, basal blood glucose levels were measured (0 min) before intraperitoneal administration of 2 g/kg
glucose. Blood glucose was assessed every 30 min after the glucose bolus. B: A second glucose tolerance test performed after an additional

4 weeks yielded similar results (P> 0.05). C: Wild-type and PPARy ™/~
tolerance test was performed as previously described. Rosiglitazone improved insulin sensitivity in both wild-type and PPARy ™/~

mice were treated with rosiglitazone (30 mg/kg) for 8 days. A glucose
mice,

whereas vehicle treatment did not demonstrate a decrease in blood glucose levels in either group (P < 0.02). Error bars represent SEM.
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in Fig. 2B, the anti-inflammatory effects of LXRs are espe-
cially prominent in vitro. We hypothesized that loss of LXR
receptor expression in BM cells might exacerbate inflam-
matory signaling in vivo and impact glucose metabolism.
We therefore transplanted BM cells from wild-type and
LXRaB ™/~ mice into irradiated wild-type recipients. As
with the mice used for PPAR studies, the animals used
for these experiments were also more than 10 generations
backcrossed to C57BL/6 mice. After 4 weeks of recovery,
the BMT mice were challenged with a 60% fat diet to in-
duce obesity and insulin resistance. All groups consumed
similar amounts of food and gained weight at similar rates
(Fig. 5A). We confirmed that the reconstituted animals

had been repopulated with LXRa /" BM by harvesting
thioglycollate-elicted peritoneal macrophages and perform-
ing real-time PCR to examine the expression of LXRs and
their downstream target genes. As expected, LXR ligands
(GW3965 and T1317) induced expression of ABCAI in
wild-type but not in LXRaB ™/~ BMT cells (Fig. 5B). We also
verified that LXRs had maintained their anti-inflammatory
abilities after reconstitution by stimulating macrophages
with LPS in the presence or absence of LXR ligand. In-
deed, LXR ligand repressed expression of TNFa in wild-
type but not LXR-null BM recipients (Fig. 5B).

After mice were on on a high-fat diet for 14 weeks, a glu-
cose tolerance test was performed. Similar to the results
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Fig. 5. Recipient mice showed equivalent weight gain and exhibited efficient reconstitution with wild-type
or LXR-null donor bone marrow (BM). A: Wild-type and LXRan/ ~ mice gained weight at similar rates on a
60% fat diet. B: Thioglycollate-elicted wild-type and LXRaB /"~ peritoneal macrophages were harvested
from recipient mice to determine degree of reconstitution. Wild-type and I,XRa87/7 macrophages were
pretreated with GW3965 or T1317 (1 pM) and then stimulated with LPS (10 ng/ml) for 6 h. The LXRaf
target gene, ABCA1, did not increase in expression as a result of ligand treatment in LXRaB ™/~ cells.
Furthermore, LXRaB ™~ cells failed to repress TNFa gene expression. Wild-type cells treated with LXR 1li-
gand were able to exert anti-inflammatory control. Error bars represent SEM.
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obtained with the PPAR BM transplants, we observed no dif-
ference in glucose tolerance or insulin levels between mice
transplanted with wild-type or LXRaf ™/~ BM (Fig. 6A;
data not shown). A second independent test performed
4 weeks later showed similar results (Fig. 6B). These ob-
servations indicate that despite their anti-inflammatory ef-
fects, loss of LXR expression in the BM does not exert a
major influence on glucose tolerance in high-fat-fed mice.

It has been previously reported that alternative activa-
tion of BALB/C macrophages relies significantly on appro-
priate PPAR signaling (22, 24). Studies have demonstrated
that PPARy-deficient macrophages express low levels of
M2 marker genes and are not effectively alternatively ac-
tivated (22). As a result, these cells may be more inflam-
matory and may act as contributors to worsened insulin
sensitivity. To test whether PPAR'yf/ ~ or PPARS /™ macro-
phages from C57BL/6 mice also expressed reduced levels

>

700

of alternative activation marker genes, we stimulated BM-
derived macrophages with cytokines that upregulate Th-2
response, such as IL-4 or IL-13 (25). We found that the
absence of PPARs did not compromise M2 inflammatory
responses under our experimental conditions. Expression
of classical M2 marker genes such as Chi3l3, Pdcd11g2, and
Clec7a (26, 27) in response to IL-4 or IL-13 in PPARy /",
PPARS /™, or PPARYS /™ macrophages was not signifi-
cantly different from wild-type macrophages (Fig. 7). How-
ever, the loss of PPARYy in macrophages resulted in lower
expression of arginase I (Argl), a primary M2 marker gene
(28), in response to IL-4 or IL-13 stimulation. Argl has
been previously described as a direct PPARy and PPARS
target gene, and this may explain the reduced Argl ex-
pression in PPARvy-deficient macrophages (22, 29). Inter-
estingly, Argl expression was unique in its dependence
on PPARy for induction; the expression of the remaining
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M2 marker genes we tested was not altered by the loss
of PPARs.

DISCUSSION

In the present study, we report that loss of BM expres-
sion of anti-inflammatory nuclear receptors is not a dom-
inant contributor to the development of diet-induced
obesity or glucose intolerance in high-fat-fed C57BL/6
mice. This was true not only for PPARy, which has been
reported to play a role in insulin resistance in BALB/C
mice, but also for PPARS, LXRa, and LXRp, which have
not been previously studied in this context. Using a BMT
approach, we found that loss of PPARy, PPARS, both
PPARY and PPARS, or both LXRa and LXRp did not alter
weight gain in mice challenged with a 60% fat diet or have
a significant effect on glucose tolerance. We also found
that administration of rosiglitazone to PPARy /'~ BMT
mice improved glucose tolerance, suggesting that BM ex-
pression of this receptor is not absolutely required for the
therapeutic effects of thiazolidinediones in C57BL/6 mice.

Previous work has reported that macrophage PPARYy
expression affects the development of obesity and insulin
resistance (18, 22). Itis important to point out that our stud-
ies were conducted in parallel to those of Glass and Chawla
(18, 22) and were not designed to replicate the experimen-
tal conditions used in either of these reports. Therefore,
our results are not necessarily in conflict with those of prior
work, and there are a number of factors that may have
contributed to the differences in experimental outcomes.

One possible contributor is the influence of genetic
background. The macrophages in prior work were derived
from either BALB/C or mixed-background mice. Genetic
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background in mice contributes to the dominance of M1
or M2 activation of macrophages and can bias how mouse
models respond to specific stimuli. For example, the
BALB/C mouse strain is Th2-permissive and is more sus-
ceptible to diseases that require an aggressive immune re-
sponse (1). Conversely, C57BL/6 mice are dominant for
Th1 signaling and display more-robust inflammatory sig-
naling and the upregulation of pro-inflammatory genes.
The C57BL/6 strain is most widely used for the study of
metabolic disorders because of its susceptibility to diet-
induced insulin resistance and atherosclerosis.

Another plausible explanation for the difference be-
tween our results and those of the Chawla and Glass groups
(18, 22) is environment and the immune status of the
mice. All animal facilities are different, and mice at differ-
ent sites may therefore be exposed to a range of different
pathogens and commensal bacteria. It is conceivable that
such differences alter the immune systems of experimental
mice in ways that may affect macrophage responses.

Another notable difference between our study and prior
work is the diet employed. Hevener et al. (18) reported
more-significant differences in blood glucose levels be-
tween wild-type and PPARy /™ BMT mice fed a chow diet
rather than a high-fat diet. Odegaard et al. (22) employed
a 36% fat diet. We chose to use a 60% fat diet because our
aim was to study PPAR/LXR function in obese models.
However, it is possible that our high-fat diet may have been
too robust a diabetic stimulus and therefore masked differ-
ences otherwise seen on a chow diet.

Finally, the BMT approach employed in our study may
have contributed to differences in results. Prior studies em-
ployed a LysM Cre approach to delete PPARy expression
from macrophages. We chose to use Mx Cre-mediated de-
letion coupled with BMT because of incomplete deletion



by LysM Cre in our hands (Fig. 1). However, it is possible
that the BMT procedure itself has a confounding effect
on systemic metabolism. Furthermore, although we con-
firmed reconstitution of recipient mice with the appropri-
ate donor BM cells, there is a possibility that the tissue
macrophage reconstitution was not complete at the time
we performed our studies. Prior work has shown that adi-
pose tissue macrophages and hepatic Kupffer cells are ef-
fectively replaced by BM cells in the time frame employed
in our study (more than 4 months). However, the possibil-
ity that some wild-type macrophages may have remained
and affected our results cannot be excluded.

While this paper was under review, two additional stud-
ies reported an impact of loss of PPARS expression on glu-
cose tolerance and alternative macrophage activation (30,
31). Some of the findings reported in these studies also dif-
fer from the results we report here. As outlined above for
PPARYy, it is likely that a number of factors may contribute
to the prominence of PPARS signaling in different exper-
imental contexts. Additional studies will be required to
more precisely define the role of both PPARy and PPARS
in macrophage inflammatory signaling in the context of
metabolic disease.

In conclusion, our studies suggest that the in vitro anti-
inflammatory activities of nuclear receptors alone are not
predictive of in vivo metabolic effects. Macrophage LXRs
show profound anti-inflammatory effects in vitro but do
not dramatically influence systemic glucose metabolism
under the conditions used here. Furthermore, our results
suggest that careful consideration of the immunological dif-
ferences between mouse strains is warranted in the context
of metabolic disease studies. Inherent biases in mouse
strains can steer immune responses and affect the outcomes
of various disease models in different ways. Finally, our data
indicate that the influence of BM nuclear expression on
systemic metabolism may differ between experimental
context and genetic background and that these factors
may not be obligatory components of disease pathogenesis
or thiazolidinedione therapeutic action in all contextsAf
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